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Abstract
The medium modifications of antikaons in dense matter are studied in a cou-
pled channel calculation for scenarios more closely related to the environment
encountered in heavy-ion collisions. We find that the optical potential of the
antikaons turns repulsive or is drastically reduced for finite momenta or finite
temperature. Hence, the antikaon mass does not decrease substantially in
heavy-ion collisions to provide an explanation for the observed antikaon pro-
duction rates at threshold. We demonstrate that the in-medium production
cross section of antikaons via pions and Σ hyperons is remarkably enhanced
up to an order of magnitude. The effect of in medium correction on the re-
sulting kaon spectra is studied within a transport model. We find that both
in medium correction lead to about the same enhancement of the spectrum.
However, once the temperature dependence is taken into account no enhance-
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I. INTRODUCTION
Antikaons have been proposed as a tool to probe in-medium effects in heavy-ion collisions.
The work of Nelson and Kaplan [1] speculating about a strange condensate realignment in
relativistic heavy ion collision by antikaons initiated numerous work in this field. Indeed,
coupled channel calculations for antikaons in matter [2] demonstrate that the K− feels an
attractive potential in dense matter, which was confirmed by [3,4] and [5]. The main effect
stems from the Λ(1405) resonance which is shifted upwards at finite density (see [6] and
references therein). Also, data from kaonic atoms indicates that the K− feels a sizable
attraction inside the nucleus [7]. More theoretical foundation for a reduced effective antikaon
mass has been also given using chiral perturbation theory [8,9] and mean-field models [10–12].
This has triggered a considerable interest in the production of K− in heavy-ion collisions
at threshold. Indeed, an enhanced production of K− has been observed at GSI [13,14]. This
phenomenon has been attributed to a reduction of the antikaon effective mass in the dense
medium [15–18].
An attractive potential for antikaons has been extracted from kaonic atoms at zero
momentum [7]. However, heavy-ion collisions probe the optical potential of the antikaon at a
finite momentum. Assuming a temperature of T = 80 MeV [14], the antikaon has an average
momentum of more than 300 MeV with respect to the matter restframe. Furthermore, all
experimental data available so far cover only momenta above ∼ 300MeV with respect to
the matter rest frame. Calculations have so far assumed that the attractive potential for
the kaons i.e. their change in the mass is independent of momentum. This constitutes a
considerable extrapolation. To which extend this is justified will be addressed in the present
paper.
Based on a dynamical model for the K−–nucleon interaction [2], we will argue that the
antikaon optical potential in the momentum range relevant for heavy-ion collisions is likely
to be small if not repulsive. Only for the smallest momenta, which are considerably below
the range covered by experiment, we find attraction which is compatible with fits to kaonic
atoms. Including the selfenergy of the kaon in a selfconsistent calculation we find that the
optical potential at finite momentum is attractive but considerably reduced. Thus it is
appears unlikely, that the reduction of the antikaon mass is the underlying in-medium effect
responsible for the enhanced K− production rate. Instead, we find that the in-medium cross
section for producing antikaons via Σ hyperons might be the relevant mechanism for the
observed enhancement. There are indications from stopped K− data on nuclei that there is
indeed a change of the branching ratios in the nuclear medium [19] supporting that picture.
Nevertheless, we also demonstrate that temperature effects are crucially important in the
sense that they can wash out any in-medium effect.
The paper is organized as follows: we introduce the coupled channel approach in Sect.
II and calculate medium effects for the kaon optical potential and cross section in Sect.
II. Effects of the nucleon and kaon selfenergy are studied in Sect. IV. The in-medium
effects for antikaons are included in a BUU transport model in Sect. V and contrasted with
experimental data.
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II. COUPLED CHANNEL MODEL FOR ANTIKAONS
In the following we adopt the nonperturbative coupled channel approach of [2,19] starting
from the coupled channel Schro¨dinger equation,
∇2ψi(r) + k2iψi(r)− 2µi
∫
Vi,j(r, r
′)ψj(r
′)d3r′ = 0 , (1)
where ψi(r) represents the relative wave function, µi is the reduced mass, and ki is the
momentum in the center of mass system for the corresponding channel. For a separable
potential of the form
Vi,j(k, k
′) = g2Ci,j vi(k) vj(k
′) =
g2
Λ2
Ci,jΘ(Λ
2 − k2)Θ(Λ2 − k′2) (2)
the scattering T -matrix simplifies to
Ti,j(k, k
′, E) = g2 vi(k) vj(k
′)
[
(1− C ·G(E))−1 · C
]
i,j
. (3)
The propagator matrix G is diagonal and in the vacuum given by
gi(E) = g
2
∫
d3p
(2π)3
v2i (p)
E −mi −Mi − p2/(2µi) (4)
=
1
2π2
g2
Λ2
∫ Λ
0
p2 dp
E −mi −Mi − p2/(2µi) . (5)
The coupling matrix Cij is chosen to be of the standard SU(3) flavor symmetric form.
In addition to the previous approaches of [2,19], we include also the isospin one channels
explicitly. For isospin zero, there are two channels
CI=0ij =
K¯N πΣ

−3
2
−
√
6
4
−
√
6
4
−2


K¯N
πΣ
. (6)
whereas for the isospin one part, one has three channels which are coupled as
CI=1ij =
K¯N πΣ πΛ

−1
2
−1
2
−
√
6
4
−1
2
−1 0
−
√
6
4
0 0


K¯N
πΣ
πΛ
. (7)
The coupled channel calculation is performed for the two isospin channels separately. The
scattering amplitude in a given isospin channel is then
f Ii,j(k, k
′) = −
√
µiµj
2π
T Ii,j(k, k
′) . (8)
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The cross section of a given channel is given by
σij = 4π
k′
k
|fij(k, k′)|2 (9)
and is constructed out of the two isospin components of the T matrix.
The two parameters Λ and g can be fixed either by the scattering amplitude as extracted
by Martin [20] or by the threshold ratios as in [21]
γ =
Γ(K−p→ π+Σ−)
Γ(K−p→ π−Σ+) = 2.36± 0.04 (10)
Rc =
Γ(K−p→ charged particles)
Γ(K−p→ all) = 0.664± 0.011 (11)
Rn =
Γ(K−p→ π0Λ)
Γ(K−p→ all neutral states) = 0.189± 0.015 . (12)
We choose the former way as in [2] and take over the parameters Λ = 0.78 GeV and
g2 = 17.9. We note in passing, that this choice of parameters gives the threshold ratios
γ = 4.11, Rc = 0.627, and Rn = 0.234. With a slight change of the coupling constant, i.e.
for g2 = 16.8, one gets the values γ = 2.37, Rc = 0.644, and Rn = 0.121 but the pole position
of the Λ(1405) is shifted then towards 1420 MeV. This is consistent with the findings in [21],
that one can either describe the scattering amplitude or the threshold ratios with a slight
change of the coupling constant. We have verified that our results presented in the following
are not sensitive to these small changes in the coupling constant g.
Nuclear medium effects can be easily included. Pauli blocking effects forbid intermediate
nucleon states with a momentum less than the Fermi momentum. Hence, the propagator in
the K¯N channel is modified in the medium to
g1(E, kf) =
g2
Λ2
∫ Λ
0
d3p
(2π)3
Θ(kf − |~p+MN~vΛ|)
E −mK −MN − p2/(2µKp) (13)
in both isospin channels. Here, effects from a moving Λ(1405) resonance is taken into
account by the term proportional to the velocity of the resonance vΛ [19]. For a kaon with
finite momentum with respect to the nuclear matter rest frame the intermediate nucleon
propagator will be shifted in momentum space. Hence, the Pauli blocking effect will be
reduced in that case and the effects stemming from the Λ(1405) resonance are moderated.
The possibility for large range terms in the kaon-nucleon interaction, which might be
important in the medium, has been raised in [9]. Fits to the K−-N scattering data using a
coupled channel formalism find a good description without a range term [22,23]. Also in the
model presented above (without range terms) one gets a good agreement with the scattering
amplitude far below threshold [2]. Hence, we will not consider range terms in the following.
III. OPTICAL POTENTIAL AND IN-MEDIUM CROSS SECTIONS
Antikaons produced in heavy-ion collisions will change their properties due to the sur-
rounding nucleons. The antikaons produced in the first collisions will suffer rescattering
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processes from the in-streaming nucleons. The surrounding matter is not like bulk matter,
it is more like a streaming matter with a high momentum. Therefore, the optical potential
relevant for the production of kaons even at subthreshold energies has to be considered at
a finite momentum in the range of p ≈ 250 MeV relative to the matter rest frame. In the
following we denote this shift in momentum space of the colliding antikaon-nucleon pair
(with a given colliding energy
√
s) with respect to the rest frame of the nuclear bulk matter
in short form as the relative momentum. Figure 1 shows the optical potential of the kaon as
defined as
Uopt = −
2π
µKp
ℜ
(
1
4
f I=011 +
3
4
f I=111
)
ρ (14)
where we ignore recoil corrections. They are small [2] and not relevant for the implementa-
tion into cascade models. For low relative momenta, the optical potential is getting more
and more attractive as the density increases. This changes remarkably at higher relative
momentum. The optical potential changes sign and gets repulsive again. Especially for
moderate densities, at normal nuclear density ρ0 or less, the change happens at relative mo-
menta not far from the Fermi momentum of the nucleons. For higher relative momenta, the
optical potential stays repulsive. Hence, antikaon production is less favored at high relative
momenta, on the contrary it is even slightly suppressed in the medium. Pauli blocking effects
of the propagator in the K¯N channel, eq. (13), are responsible for switching the sign of the
optical potential from repulsion at low density to attraction at high density (this is due to
the Λ(1405), see [2]). This mechanism is not working at high relative momenta (comparable
to the Fermi momenta of the nucleons), therefore resulting in a repulsive optical potential
for the antikaons. For a higher density of 2ρ0 and more the Λ(1405) melts in the medium
and an attractive potential is seen even for large relative momenta. Therefore, one has to
focus either on high density or on low to moderate density with small relative momentum
to see the in-medium reduction of the antikaon mass in matter. Inclusive observables in
heavy-ion collisions are likely to probe regions of phase space where the antikaon feels both
attractive and repulsive potentials so that in-medium effects are washed out. We will discuss
these effects by making a detailed comparison with experiment in section V.
In the intermediate and final stage of the heavy-ion collision, the nuclear matter will
be heated up. Typical slope parameters are in the range of T = 90 MeV for the kaons at
a bombarding energy of 1.8 AGeV [13]. Temperature effects can be implemented in our
approach by replacing the Θ function in the propagator (13) with a Fermi-Distribution:
g1(E, kf) =
g2
Λ2
∫ Λ
0
d3p
(2π)3
[
e (p
2/(2MN )−ν)/T + 1
]−1
E −mK −MN − p2/(2µKp) , (15)
where ν is the chemical potential which is fixed for a given density ρ. Again, Pauli blocking
effects will be weakened by a thermal smearing of the Fermi sphere. Indeed, as seen in Fig.
2, the optical potential for antikaons changes considerably for a finite temperature. At a
temperature of T = 90 MeV, the optical potential has turned from attraction to repulsion
for all cases shown up to a density of ρ = 2ρ0. The temperature at which the change of
signs happens is rather low, especially for moderate densities. At normal nuclear density,
this critical temperature is around T = 30 MeV.
6
Usually, the optical potential for T = 0 MeV is used for describing the enhanced pro-
duction of antikaons in heavy-ion collisions. The optical potential is repulsive at very low
densities up to ρ ≈ 0.2ρ0 due to the Λ(1405) resonance. As the resonance mass is shifted up
in dense matter (see [6]), the optical potential of the antikaons turns attractive for higher
density. The switch in the sign of the optical potential from attraction to repulsion happens
to occur at a much higher density, if the surrounding matter is moderately heated up. For
a temperature of T = 90 MeV, this turning point is already shifted beyond 2ρ0.
While the optical potential is essentially zero for momenta relevant for heavy ion col-
lisions, we find a considerable increase of the production cross section π + Σ → K− + N .
Figure 3 shows this enhancement factor which we define as the ratio of the cross section at
normal nuclear density and the vacuum cross section σ(ρ = ρ0)/σ0 for the elastic reaction
K−p → K−p and the charge exchange reaction K−p → K0n. Both cross sections are en-
hanced tremendously. The elastic cross section is four times bigger already at threshold and
increases up to a factor of 27 around an antikaon momentum close to the Fermi momentum
of the nucleons. The charge exchange reaction sets in at a finite antikaon (K−) momentum
due to the mass difference of the charged and neutral antikaon. This cross section is even
more enhanced in the medium than the elastic cross section signaling significant rescattering
effects for the production of K− in the medium.
Via detailed balance and by using eq. (9) we calculate the production cross section of
antikaons in the medium by πY → K−p. We expect that especially the channels involving Σ
hyperons will be enhanced in the medium as this channel enters into the isospin zero coupled
channel. The main medium effects are resulting from the dynamics of the Λ(1405) which
changes the isospin zero part of the coupled channel calculation. The channel πΛ → K−p,
which is isospin one, is then not changed significantly as evident from Fig. 4. We note that
the antikaon production cross section πΣ→ K−p has increased by a large factor in matter.
Especially, the reaction π−Σ+ → K−p is favored in dense matter compared to the other
reactions at threshold. This results in a change of the branching ratio for nuclear targets, as
discussed in [19]. We point out, that the present experimental data seems to support this
medium effect for the reaction (K−, K+) (see [19]). For higher antikaon momentum around
250 MeV, all three Σ channels are enhanced by a factor of 20− 30.
The results presented here are not an artifact of our model used. One could argue that a
chiral nonperturbative approach might alter the picture. Also the ηY channel contributions
have to be taken into account, so that the matrices (6) and (7) have to extended corre-
spondingly. Moreover, especially concerning the pion dynamics, relativistic effects can be
important. We have checked for all of these effects by using the recent chiral nonperturba-
tive approach of Oset and Ramos [23] which uses relativistic propagators and includes effects
from the ηY channels (for a recent extension of their model see [24]). The propagators are
solved numerically by using a Cauchy integrator. The separable potential originating from
the lowest order chiral Lagrangian term are now of the form
Vij = −Cij 1
4f 2
(
k0 + k
′0
)
(16)
and momentum dependent. The calculation of the T -matrix in the medium follows essential
along the lines as described in section II. The coupling matrix as well as the expression for
the propagator and the cross section can be found in [23]. Note that this chiral approach
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provides a good description of the available vacuum scattering data. In the following, we take
the parameters of [23], f = 1.15fπ and a cutoff of 0.63 GeV. We remark on passing that the
threshold ratios in the isospin basis seems to be off but can be adjusted to the experimental
data by a small change of the parameters. For a coupling constant of f = 122.9 MeV and
a momentum cutoff of Λ = 0.8 GeV, we find the threshold ratios γ = 2.35, Rc = 0.635, and
Rn = 0.178 which are in agreement with the data except for Rc which turns out to be a
little bit too small. As found for the non-relativistic case before, the position of the Λ(1405)
is shifted up towards 1.42 GeV.
Medium effects are introduced in a similar fashion as discussed before. The resulting
in-medium enhancement factor of the cross section is shown in Fig. 4 in comparison to the
nonrelativistic case. The πΛ channel is not as enhanced as the πΣ channels, but shows a
rise in the chiral approach compared to the nonrelativistic approach. The π−Σ+ production
channel is enhanced at threshold even for this approach. Also, all three πΣ channels are
drastically enhanced around an antikaon momentum of 250 MeV by a factor between 20–40.
These findings support the picture already seen in the nonrelativistic case.
Now, we turn to study effects of a finite relative momentum with respect to the matter
rest frame and temperature in the nonrelativistic case. The enhancement factor for the
production of K− are depicted in Fig. 5 at finite relative momentum and in Fig. 6 for finite
temperature, respectively. Both plots show the average cross section for producing a K− via
Σ hyperons. Similar to the optical potential the effect decreases at finite relative momentum.
However, the cross section is still enhanced by a factor three at threshold even for a relative
momentum of p = 450 MeV, where the optical potential of the antikaon is already repulsive
(see Fig. 1). The temperature dependence of the cross section is even stronger as anticipated
from our discussion about temperature effects for the antikaon optical potential. The peak
structure vanishes already at a temperature of T = 30 MeV. Still, an enhancement factor of
2–3 remains at threshold even for the highest temperature shown (T = 90 MeV) for which
the optical potential for the antikaon is repulsive throughout the density region of interest
(see Fig. 2).
IV. EFFECTS FROM THE SELFENERGY
A point of criticism can be raised in connection with the general approach. If the
Λ(1405) as a resonance melts in hot and dense matter what should remain is the mean-
field potential due to the underlying antikaon-nucleon potential. This can be tested by e.g.
including an extra imaginary optical potential into the propagator which simulates collisions
with surrounding nucleons. The potential is known from proton-Nucleus scattering data to
be about VNN ≈ −10 MeV at ρ0 (see e.g. [25]). Compared to the kaon optical potential
inside the nucleus we expect a 10 % effect if we include the nucleon optical potential in the
propagator (13).
The enhancement seen in the cross section originates from the dynamics of the Λ(1405)
resonance. As we have demonstrated, it does not depend on the detail of the interaction.
Nevertheless, as recently shown by Lutz [5], the Λ(1405) does not move to higher energy,
if the propagator is calculated selfconsistently by including the self-energy of the antikaons.
The peak of the imaginary part of the isospin zero scattering amplitude is not shifted but
gets broader in the medium. Hence, strength is still transported from the off-shell energy
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towards threshold energy as the peak broadens. Using the optical theorem, this means that
the cross section will still be enhanced at threshold in the medium. The enhancement in the
medium will be less pronounced as in our approach but we estimate from Fig. 4 of [5] that
it will be still a factor of four or so enhanced compared to the vacuum.
Both selfenergies can be incorporated in our approach by modifying the propagator (13)
to
g1(E, kf) =
g2
Λ2
∫ Λ
0
d3p
(2π)3
× Θ(kf − |~p+MN~vΛ|)
E −mK −WK(E −MN −EN (p), pCM − p; ρ)−MN − iVNN − p2/(2µKp) (17)
where WK stands for the optical potential of the kaon which has to be calculated selfcon-
sistently. Note that the optical potential has now a real and an imaginary part, where the
former part is defined by eq. (14) and the latter part correspondingly. The optical potential
WK is calculated iteratively and then put into the propagator in the next step. This itera-
tion scheme converges after 5–6 steps in agreement with the calculations in [5]. We denote
the results of this approach in the following as the selfconsistent ones.
The effects of the nucleon and the antikaon optical potential on the real part of the
antikaon optical potential are summarized in Fig. 7. Shown is the momentum dependence
at normal nuclear density. Our previous result without the implementation of any selfen-
ergy for the nucleon or the antikaon is plotted in solid. At zero momentum, the optical
potential changes by 10 %, as expected, when including the nucleon optical potential. The
selfconsistent approach reduces the optical potential remarkably to UK(ρ0) = −32 MeV in
stark contrast to the standard values deduced from Kaonic atoms [7]. On the other hand,
the momentum dependence of the selfconsistently calculated optical potential is just flat.
That means, that the optical potential does not turn repulsive anymore as it happens for
the calculation with the free propagator. The nucleon optical potential also changes the
momentum dependence considerably, so that the potential decreases but is still attractive
at high momenta. This trend continues when applying values of VNN = −30,−50 MeV: the
optical potential saturates at −60 MeV at zero relative momentum and at −40 MeV at high
relative momentum. Note, that for all cases considered here, the optical potential is still
substantially weakened at high momenta (or even over the whole momentum range shown).
We have also checked for a repulsive optical potential of the Σ [26] of UΣ = +30 MeV at ρ0.
Choosing in addition Uπ = +30 MeV and UΛ = −30 MeV at ρ0, we find that the real part
of the optical potential is reduced slightly by about 10%. We also checked possible effects
from an effective nucleon mass as done in [2] before. A nucleon mass shifted by −50 MeV
at ρ0 does not alter significantly the position and shape of the Λ(1405) compared to the
shifted threshold and hence can be safely neglected. This result is in line with refs. [3,24]
where binding energy effects for hyperons and nucleons have been found to be small, too.
We turn now again to the production cross section of K− via hyperons, i.e. the enhance-
ment factors when including the nucleon optical potential (Fig. 8) and for the selfconsistent
calculation (Fig. 9). The nucleon optical potential reduces the overall enhancement factor
by about a factor of two. The shapes are essentially the same as for the free propagator, Fig.
3. For larger values of VNN = −30,−50 MeV we find that the enhancement factors at the
maximum are reduced down to 4− 5 and 2.5− 3, respectively. Effects of hyperon and pion
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optical potentials reduce the maximum enhancement factors down to 16−22, i.e. a repulsive
Σ potential still results in a sizable enhancement of the πΣ production cross section.
The selfconsistent case shows a quite different behavior. The π0Σ0 and the π+Σ− channels
are enhanced at higher momenta of the outgoing antikaon while the π−Σ+ channel increases
especially at threshold up to a factor of 2.5. Compared to the calculation done in [5], a
calculation using the chiral interaction terms provides a larger enhancement. We attribute
this to the energy dependence of the chiral interaction term which will shift strength from
lower to higher energies.
V. KAON PRODUCTION IN HEAVY ION COLLISIONS WITH MODIFIED
CROSS SECTIONS
A. Description of the model
In order to explore the observable consequences of the results above we have performed
calculations of K− production in Ni+Ni collisions at 1.8 AGeV within a BUU transport
model that has been quite successfully applied to particle production in heavy-ion collisions
at SIS energies [27] as well as pion [28] and photon [29,30] induced reactions. For a detailed
description of the underlying formalism and the the non-strange part of the model we refer
to Refs. [27,29]. We note that for the calculations presented here the string fragmentation
model FRITIOF [31] is not included.
1. Strangeness production
Our model contains the following strangeness production channels in baryon-baryon col-
lisions:
BB → NΛK
BB → NΣK
BB → NNKK¯.
The cross section for BB → NYK is parameterized in the following way:
σBB→NY K = C
1
pi
√
s
|MY |216(2π)7Φ3, (18)
where pi is the cms momentum of the incoming particles and
√
s is the total cms energy. Φ3
is the 3-body phase space as, for example given by Eq. (35.11) in Ref. [32]. For the isospin
coefficient C we adopt the one-pion-exchange model of Ref. [33]. We obtain the following
expression of Clebsch-Gordan coefficients:
C = |〈1
2
1m3mπ|1
2
1t1m1〉|2
∑
I
gIY |〈t21m2mπ|t21IM〉|2|〈tY
1
2
mYmK |tY 1
2
IM〉|2 + (1↔ 2),
(19)
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where t1 and t2 are the total isospins of the incoming baryons and m1 and m2 are their
z-components. The z-component of the isospin of the outgoing nucleon is given by m3. The
coefficient gIY denotes the weight of the Y K-system with isospin I. For ΛK we simply have
g
1/2
Λ = 1, for ΣK we use g
1/2
Σ = 2g
3/2
Σ =
2
3
in order to describe the experimental data as will
be shown below.
The matrix element |MY |2 is parameterized as:
|MY |2 = aY
(
1
s/GeV2 − 3.94
)1.781
, (20)
with aΛ = 59.3 mb and aΣ = 44.5 mb. In Fig. 10 we show that this gives a reasonable
description of the experimental data for proton-proton collisions. Unfortunately there are
presently no experimental data for proton-neutron collisions in the energy range of interest
available. We note that the one-pion-exchange model gives:
σpn→NΛK = 5σpp→pΛK+,
because the model favors transitions with total isospin Itot = 0. This might not be realistic.
Under the assumption that the total matrix element does not depend on the total isospin
one gets σpn = σpp which is a factor of 5 smaller. For the process BB → NNKK¯ we use
the parameterization given in [18].
In the meson-baryon sector our model includes the following processes for strangeness
production:
πN ↔ ΛK
πN ↔ ΣK
πN → NKK¯
π∆↔ ΛK
π∆↔ ΣK
π∆→ NKK¯.
The cross sections for πN → Y K and π∆ → Y K are adopted from Ref. [34]. For
πN → NKK¯ we use the parameterization of Ref. [35]. For π∆ → NKK¯ the same isospin
averaged cross section is employed. The different isospin contributions are calculated using
the Feynman diagram of Ref. [35] with a ∆ instead of a nucleon. The πN and π∆ cross
sections described here are also used for πN⋆ and π∆⋆ scattering.
In addition, our model includes the process:
ππ → KK¯,
where we adopt the isospin averaged cross section from [18] and calculate the isospin coeffi-
cients under the assumption that the matrix element does not depend on the total isospin
and the different contributions add up incoherently.
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2. Kaon-nucleon interaction
In the S = 1 channel our model contains the processes:
KN → KN
KN → KNπ,
where the used cross sections are described in detail in Ref. [30].
In the S = −1 channel we usually take into account the hyperon resonances explicitly
[30]. In the present work they are not explicitly propagated in order to allow for an easier
implementation of the medium modifications described above. Without the explicit reso-
nance propagation their contributions are added to the ’background’ cross sections. The
following processes are included:
K¯N → K¯N
K¯N ↔ πΛ
K¯N ↔ πΣ
K¯N → ππΛ, ππΣ, πK¯N.
The used cross sections can be found in Ref. [30]. We have checked that an explicit inclusion
of the hyperon resonances does not change our results. We have also verified that the vacuum
cross sections from the coupled channel model described above agree very well with the cross
sections that are normally used in our transport model. For the present work we always
use for invariant energies
√
s below 1.52 GeV the cross sections from the coupled channel
model, i.e. also for the calculations without medium modifications.
B. Results
First, we note that our model gives a reasonable description of the experimental data
on pion production and nucleonic observables in Ni+Ni collisions at 1.8 AGeV. In Fig. 11
we compare our results for the K+ spectrum with the experimental data from Ref. [13].
One sees that our calculation (solid line) describes the experimental data reasonably well
although we underestimate the spectrum by about 30%. We also show the result of a
calculation (dashed line) for which we did not take into account the experimental acceptance
cut (40◦ < θlab < 48
◦) for the kaon. This curve agrees better with the data. Compared to
the calculation with acceptance cut the slope of the spectrum is larger. At this place we
should mention that the calculations in [17,18] obtain contributions to the spectrum for kaon
center of mass energies below 50 MeV for which the experimental acceptance vanishes.
Having shown that our model gives a fair description of total strangeness production we
now turn to the investigation of observable consequences of the above described medium
modifications for the antikaon. Since the medium effects for the cross sections as well as the
potential are most pronounced at zero temperature and momentum we first present results
for which we neglect the temperature and momentum dependence and take all quantities
at T = 0 and p = 0 in order to explore the maximum possible effects. Note that in all
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calculations [17,18] the temperature and the momentum dependence of the optical poten-
tial for the antikaon have been neglected. In Fig. 12 we compare our calculations to the
experimental data from Ref. [13]. Due to limited numerical statistics we did not apply the
experimental angular acceptance cut (40◦ < θlab < 48
◦) to our calculations. Because of this
we get contributions to the spectrum at low center of mass energies for which the exper-
imental acceptance vanishes. We have checked that within the numerical fluctuations our
results do not change when applying the cut although 30% effects like in the case of the K+
can not be excluded.
From Fig. 12 one sees that the medium modification of the cross sections (dashed line)
gives an enhancement of low energy K− by about a factor of 2 compared to the calculation
without medium modifications (solid line) but only a small effect for kinetic energies above
200 MeV. As stated above, the density dependent cross sections for πY and K¯N collisions
from the coupled channel model has been implemented for invariant energies below 1.52 GeV
(solid lines in Figs. 5 and 6). Above that the usual vacuum cross sections have been used.
The effect of the potential alone (dotted line in Fig. 12) is quite similar. A simultaneous
application of modified cross sections and potential (dash-dotted line) leads to a result which
gives an enhancement of low energy antikaons by about a factor of three and a rather well
description of the experimental data except for the two lowest data points. One should note
that the modification of the πY ↔ K¯N cross sections also gives an enhanced K¯ absorption.
In Fig. 13 we therefore show the number of πΣ → K¯N (dashed lines) and K¯N → πY
(solid lines) collisions for the different scenarios. One sees that the modification of the cross
sections enhances the K¯ production in πΣ collisions for invariant energies below 1.52 GeV
by about a factor of 3. An inclusion of the potential leads to an increase of K¯N → πY
collisions by about a factor of two since more antikaons are overall produced, especially in
baryon-baryon and pion-baryon collisions, while the K¯-production in πΣ-collisions is only
slightly enhanced. Due to the attractive K¯-potential the
√
s-distributions are shifted to
lower energies. In the calculation with modified cross sections and potential the antikaon
production in πΣ-collisions below 1.52 GeV is increased by more than a factor 5 compared to
the case without any medium modifications. However, also the K¯ absorption is substantially
increased.
In Fig. 14 we present the results of calculations for which the momentum or temperature
dependence in addition to the density dependence of the cross sections or potential were
taken into account. Now the medium effects on the K− yield completely disappear because –
as discussed above – all modifications decrease with increasing momentum and temperature.
Using the temperature dependent K− potential from Fig. 2 we even get a slight reduction
of the K− yield because in the dynamical calculation of the heavy-ion collision the density-
temperature correlations are such that the K− potential is almost always repulsive.
One should note that a transport theoretical calculation of the total K− yield in heavy-
ion collisions at SIS energies is encumbered with substantial uncertainties with respect to
the input of unknown elementary cross sections, like e.g. ∆∆→ K¯X or π∆→ K¯X . In this
context we again mention that even strangeness production in proton-neutron collisions at
the relevant energies has not yet experimentally been measured. Therefore a determination
of the K− potential from the total yield appears to be difficult. An observable which
might not be sensitive to these uncertainties is K− flow. Therefore, we show in Fig. 15 the
influence of the different in-medium scenarios on transverse K− flow. The anti-flow which
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is present in the calculation without medium modifications (solid line) is hardly affected by
the modification of the cross sections (dashed line). The same also holds if one includes
the temperature or momentum dependence. The attractive K− potential (at p = T = 0)
(dotted line) is able to compensate this shadowing effect and gives a positive K− flow since
now the antikaons follow the nucleons. An inclusion of the temperature dependence of the
potential leads to a disappearance of this effect.
In Fig. 16 we compare our calculations to the experimental data of the FOPI collaboration
[36] for the K−/K+ ratio in 96Ru+96Ru collisions at 1.69 AGeV. Here we have applied the
experimental acceptance cuts (pt > 0.1 GeV, 39
◦ < θlab < 135
◦, plab < 0.32 GeV). One sees
that already the calculation without medium modifications (solid line) gives a reasonable
agreement with the experimental data although the calculated distribution seems to be
slightly too flat. The calculation with modified cross sections (at p = T = 0) gives an
enhancement of the K−/K+ ratio by about 50% in the measured phase space region and
is also compatible with the experimental data. The attractive K¯-potential (at p = T = 0)
(dotted line) leads to an pronounced increase of the ratio towards mid-rapidity. However,
within the measured rapidity range also this scenario is hardly distinguishable from the
one without medium modifications. We note that the theoretical calculation in the lowest
rapidity bin around y0 = −1.4 suffers from very low numerical statistics as the rapidity
distributions are practically zero. The calculation with modified cross sections and potential
(dash-dotted line) gives a rather flat distribution that overestimates the experimental data
by about 50%. An inclusion of the temperature dependence again gives a result which is
even slightly below the calculation without medium modifications.
Our results can be compared with Refs. [17,18,37]. The calculation for K− production
in Ni+Ni collisions at 1.8 AGeV (Fig. 12) without employing medium modifications agrees
rather well with the respective calculation in Ref. [17]. The calculation in Ref. [18] gives a
result that is a factor of 2 smaller. The effect of the attractive K− potential is weaker in
our calculations than in [17,18]. While in our calculations the K− yield at energies around
200 MeV is only enhanced by about 50%, the calculations in [17] and [18] obtain factors of
2 and 3, respectively.
In the calculation of the K−/K+ ratio in Ru+Ru collisions at 1.69 AGeV in Ref. [37] it
appears that the experimental cuts have not been taken into account since there are con-
tributions at midrapidity where the acceptance vanishes. Without in-medium modifications
this calculation is far below the data points [36] while an attractive in-medium potential (at
zero relative momentum) shifts the curve on top of the data points. We note that our cal-
culation without experimental acceptance cut gives a ratio at midrapidity which is a factor
of 3-4 larger than the calculation in Ref. [37].
VI. SUMMARY AND DISCUSSION
We have studied the optical potential for antikaons in the nuclear medium for finite
relative momenta and finite temperatures. We find that the optical potential changes re-
markably and turns repulsive at a relative momentum comparable to the nucleon Fermi
momentum and/or a finite temperature of a few tens of MeV. The strong momentum de-
pendence is reduced when the hadron selfenergies are taken into account selfconsistently but
it results in a substantially shallower antikaon potential. Hence, antikaons produced in the
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central region of an heavy-ion collision are likely to feel a substantially less attractive if not
repulsive potential. Therefore, it seems that contrary to previous assumptions the antikaon
potential at zero temperature and momentum can not be reliably used to study in-medium
effects in heavy-ion collisions.
On the other hand, we demonstrate that the cross section for producing antikaons via
Σ hyperons is considerably enhanced in the nuclear medium. This holds also for model
calculations implementing chiral symmetry, relativistic propagators, optical potentials for
nucleons or for a selfconsistent calculation of the antikaon selfenergy. The cross sections is
always enhanced at threshold, especially for π−Σ+, even for finite relative momentum or
finite temperature.
We implemented the in-medium effects for the antikaons within a BUU transport model.
An enhancement of the antikaon production is seen for medium modified cross sections and a
K− potential which follows more closely the experimental data than the calculation without
any of those in-medium effects. Including temperature effects, the in-medium enhancement
vanishes and even turns to a suppression of K− due to the repulsive potential felt by the
K−.
Let us finally stress again that the environment for antikaons is completely different in
heavy-ion collisions compared to Kaonic atoms and neutron stars where one probes the po-
tential at zero momentum and zero temperature. It appears that the enhanced subthreshold
production of K− is more subtle than hitherto assumed and deserves further study. Clearly,
we do not have a consistent picture to explain the enhancement seen experimentally. Further
work has to be done to address this problem as for example by studying in-medium effects
using the chiral approach at finite momentum and temperature. Future experimental data
triggering on low momenta and/or the high density stage of heavy-ion collisions might help
to elucidate the possible in-medium effects for antikaons in matter.
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FIG. 1. The antikaon optical potential versus the antikaon relative momentum for different
densities. The optical potential turns repulsive at a certain momentum especially for lower densities.
At densities above 2ρ0, the optical potential stays attractive even for high relative momenta.
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FIG. 2. The antikaon optical potential as a function of the temperature of the nucleons for
different densities. The optical potential turns repulsive at a rather low temperature.
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FIG. 3. The enhancement factor of the charge exchange reaction K− + p → K0 + n and the
elastic reaction at normal nuclear matter density.
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FIG. 4. Left figure: The enhancement factor of the antikaon production cross sections at normal
nuclear density. The process pi +Σ→ p+K− is considerably enhanced in the medium.
Right figure: The same as left but using the nonperturbative chiral approach of [23] with relativistic
propagators.
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FIG. 5. The hyperon induced cross section for antikaon production at finite relative momenta
with respect to the matter rest frame.
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FIG. 6. The hyperon induced cross section for antikaon production at finite temperature.
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FIG. 7. The optical potential including the selfenergy for the nucleons (dash-dotted line) or
antikaons (dashed line) as a function of the relative momentum with respect to the nuclear matter
rest frame.
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FIG. 8. The enhancement factor of the antikaon production cross sections at normal nuclear
density including an imaginary potential for the nucleons.
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FIG. 9. The enhancement factor of the antikaon production cross sections at normal nuclear
density for a selfconsistently calculated selfenergy of the antikaon.
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FIG. 10. Cross sections for pp→ NYK. The experimental data are taken from Ref. [38].
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FIG. 11. Inclusive invariant K+ production cross section for Ni+Ni collisions at 1.8 AGeV.
For the dashed line the experimental acceptance cut (40◦ < θlab < 48◦) was not taken into account.
The experimental data are taken from Ref. [13].
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FIG. 12. Inclusive invariant K− production cross section for Ni+Ni collisions at 1.8 AGeV.
Note that in the theoretical calculations the experimental acceptance cut is not applied. The
experimental data are taken from Ref. [13].
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FIG. 13. Time integrated numbers of piΣ → K¯N and K¯N → piY collisions as function of √s
for different medium modifications. The numbers were obtained from a calculation of a Ni+Ni
collision at 1.8 AGeV and b = 3 fm.
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FIG. 14. Effects of momentum or temperature dependent in-medium modifications on the K−
spectrum in a Ni+Ni collision at 1.8 AGeV and b = 1 fm. Fluctuations are caused by low numerical
statistics.
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FIG. 15. Effects of in-medium modifications on transverse K− flow in a Ni+Ni collision at 1.8
AGeV and b = 3 fm: Without in-medium modifications (solid line), with modified cross sections
for piY ↔ K¯N at p = T = 0 (dashed line), with the K¯-potential at p = T = 0 (dotted line).
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FIG. 16. Effects of in-medium modifications on the K−/K+ ratio in Ru+Ru collisions at 1.69
AGeV for b < 4 fm as function of normalized rapidity (y(0) = ybeam/yCMS−1): Without in-medium
modifications (solid line), with modified cross sections for piY ↔ K¯N at p = T = 0 (dashed line),
with the K¯-potential at p = T = 0 (dotted line), with modified cross sections and potential
(dash-dotted line). The experimental data are taken from Ref. [36].
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